The objective of this work is to evaluate the stability of Brazil nut oil emulsions with gum Arabic using ultrasound-assisted homogenization. The emulsions were prepared in a completely randomized design varying the time (2 and 4 min) and the ultrasound power (30 and 40%). The physicochemical properties of the emulsions (pH, conductivity, turbidity, zeta potential, surface tension, rheology and optical microscopy) were evaluated after the homogenization process and 4 hours later. The results showed that more energetic homogenization processes (longer duration and higher ultrasound power) favored the physicochemical properties, keeping the emulsions more stable. Thus, Brazil nut oil emulsions prepared with ultrasound-assisted showed good physic-chemical characteristics that can guarantee good emulsion stability during spray drying, guaranteeing efficiency and protection of the physical and chemical properties of the Brazil nut oil.
Introduction
The Amazon region is of interest to world industry due to its great variety of foods and medicinal plants that have important chemical and biological characteristics to be applied in diverse products and processes [1] . Brazil nut (Bertholletia excelsea) is one of the most important oleaginous fruits of the Amazon region, presenting great nutritional potential, with good levels of unsaturated fatty acids (60-70%), especially oleic and linoleic acid [2] .
Microencapsulation is a process widely used in food science and the main mechanism of which is the packaging of substances into polymer matrices. Spray-drying microencapsulation is the most used for food, with various studies proving its efficiency in maintaining the physicochemical properties of the bioactive compounds [3] [4] [5] Oil-water emulsions are thermodynamically unstable, exhibiting a tendency towards rapid phase separation [6] . Considering from homogenization to the total drying of a food emulsion, it is necessary to ensure that this emulsion is as stable as possible because any destabilization can compromise the final quality of the microparticles. Different biopolymers and more efficient homogenization processes are being studied with the main objective of reducing the destabilization processes of emulsions, preserving their properties for longer periods of time [7] . Ultrasoundassisted homogenization is an extremely efficient process, converting electrical energy into high-energy mechanical waves, breaking the surface of oil into small droplets, forming more stable emulsions for long time periods [8] . Gum Arabic is a carbohydrate with wide use in food, mainly due to its good emulsifying properties [9] .
From the above, this work aims to evaluate the stability of Brazil nut oil emulsions with gum Arabic, homogenized through the ultrasound process. The physicochemical properties of the emulsions (pH, conductivity, turbidity, zeta potential, surface tension, rheology and optical microscopy) will be evaluated after the homogenization process and 4 hours later. This time was chosen because generally the drying process of emulsions with food oils is slow and it is necessary to ensure that the properties are maintained without compromising the final quality of the encapsulated oil by spray drying.
Materials and methods

Material
The Brazil nut (Bertholletia excelsa) oil used in this study was donated by Amazon Oil (Ananindeua, Pará -Brazil). Gum Arabic was donated by Alland & Roberts Ingredients (France). Table 1 shows the completely randomized experimental design for the emulsion production. Energy densities (ED) were calculated by using Eq. 1 [10] .
Production of Brazil nut oil emulsions
ED is the energy density (J.mL -1 ), NAP is the nominal applied power (W), t is the time (s) and V is the volume (mL).
All emulsions were prepared with 25 grams of gum Arabic, 5 grams of oil and 70 grams of distilled water. The gum Arabic solution was prepared and stored at 4°C overnight for complete saturation of the biopolymer. Brazil nut oil was added instants before the homogenization process. Aliquots of 40 mL of emulsion were used using high intensity ultrasound equipment with a 13mm diameter probe and 19 kHz frequency (Unique, Desruptor, 800W, Indaiatuba, Brazil). An ice bath was used to prevent overheating of the samples. All emulsion characterizations were measured shortly after homogenization (0 hours) and after an interval of 4 hours. This time interval was chosen because 4 hours is an estimated time from the time the emulsion is prepared to drying for the production of microparticles. 
Zeta potential
The zeta potential of the emulsions was measured using ZetaSizer Nano-ZS equipment (Malvern Instruments, UK). The emulsions were diluted in Milli-Q water until ideal equipment detection. The measurements were performed in triplicate (each measure with 10 runs or more) at 25°C [8] .
Droplet size
Emulsions droplet sizes were measured by laser light scattering method in a Mastersizer 2000 (Malvern Instruments, Worcestershire, England, UK). The measurements were performed in triplicate at 25°C. The mean diameter of the droplets was expressed as the surface volume or Sauter diameter (d32) and calculated by using Eq. 2. To determine the variations in the droplet size distributions, a term known as the PDI (polydispersity index) was calculated by using Eq. 3:
where ni is the number of droplets of diameter di; d(10), d(50), and d(90) are the diameters at 10%, 50%, and 90% cumulative volume, respectively.
Surface tension
The surface tension of the Brazil nut oil emulsions was obtained in a ring tensiometer (Kruss, model K12, Germany). The measurements were performed in triplicate (each measure with 5 runs or more) at 25°C [11] .
pH and conductivity
Emulsion pH was measured using a PHS-3E pH meter (pHTek, Curitiba, Brazil). The equipment was calibrated with buffer solutions, and pH values were measured by inserting the electrode directly into the sample at 25°C. The emulsion electrical conductivity was measured using a benchtop conductivity meter (Hanna, model HI 8731, Portugal). The conductivity values were measured by inserting the electrode directly into the sample at 25°C. All measurement were in triplicate [12] .
Turbidity
The emulsion turbidity was measured as nephelometric turbidity units (NNU) at 90° light scattering and 860 nm with a turbidometer (Plus II, Alfakit, Brazil) [13] .
Rheology
Emulsion rheology was analyzed in a concentric cylinder viscometer (Brookfield DVIII, Brookfield Engineering Laboratories, USA), maintaining the emulsions at 25°C using a thermostatic bath. The data were adjusted to the Power Law model (Eq. 4) to analyze the emulsion flow properties.
= .
( 4) where σ=shear stress (Pa), γ=shear rate (s
), k=consistency index (Pa.s n ), and n=flow behavior index.
Optical microscopy
The analysis was performed in an Axio Scope A1 optic microscope, Carl Zeiss (Germany), with a video camera attached. For this, an aliquot of emulsion was placed on the slide, covered with a cover slip, and examined with a 100x objective lens.
Statistical analysis
Analysis of variance (ANOVA) and rheological data adjustment to rheological models were performed using R software. Significant differences between the samples (p < 0.05) were assessed by the Scott-Knott mean comparison test.
Results and discussion
Zeta potential
Zeta potential is one of the most commonly used parameters in emulsion stability studies. Emulsions present two types of stabilization mechanisms [14] : the steric mechanism, in which the stability is due to adhesion of the emulsifier to the surface of the droplets; and the electrostatic mechanism, in which stability is associated with electrostatic repulsion of the surface charges of the particles. Emulsions are considered stable by the electro-static mechanism when the zeta potential values are greater than ± 30mV, imparting resistance to droplet aggregation [15] . Fig. 1a shows the zeta potential for Brazil nut oil emulsions. In general, zeta potential values were greater than -30mV, confirming the steric mechanism was not dominant in the stability of Brazil nut oil emulsions. Studies with oil rich in D-limonene and gum Arabic also demonstrated o that the dominant emulsion stabilization mechanism was steric [16] . Note that time and power significantly interfered with zeta potential values, presenting higher values with increased time and ultrasound power. The cavitation process can break the biopolymer chains, increasing the surface charge due to the formation of free radicals [17] . Fig. 1b shows the surface tension values for Brazil nut oil emulsions. As expected, the surface tension values were lower than those for pure water [18] . All treatments, except assay A, presented significant difference for the surface tension values, that is, during the 4 hours of storage. High energy homogenization processes favor the formation of smaller droplets and, consequently, increase the surface tension due to the increase of the frictional force between the droplets caused by the large surface area. When the surface tension decreases, it may result in accumulation of emulsion oil droplets at the air/emulsion interface (cream). This droplet accumulation on the surface induces a decrease in the surface tension value due to the lower surface tension of the oil [19] .
Surface tension
In general, emulsions with gum Arabic showed low surface tension reduction values. Studies of emulsions with gum Arabic and sweet almond oil also resulted in little variation of the surface tension values during the first 24 hours [20] . Gum Arabic has good ability to lower the surface tension between water and oil, forming more stable emulsions [21] . A good emulsifier should bind easily at the interface created during homogenization, reducing surface tension to facilitate droplet breakage [22] . , B=384 J.mL -1 , C=576 J.mL -1 , D=768 J.mL -1 .
pH, conductivity and turbidity
The pH and conductivity values of Brazil nut oil emulsions are shown in Table 2 . The pH is an important factor in emulsion stability studies since its variation may indicate chemical changes in the emulsions [8] . Note that pH results did not vary significantly (p> 0.05) regardless of process time and potency and during 4 hours of storage and may be indicative of emulsion stability. That is, the high energy of the cavitation process did not damage the molecular structure of the biopolymers, maintaining the emulsion more stable. In general, emulsions have pH values between 2.5 -7.5 [23] . Other authors have observed pH values that corroborate those of this study for lime [8] and orange [24] essential emulsions. Regarding the conductivity values (Table 2) , it is noticed that only for the treatment with lower energy (treatment A) was there significant change after 4 hours of storage. In emulsions containing orange oil and gum Arabic, other authors [24] observed conductivity values in the range from 0.087 -0.179 mS.cm -1 , values well below those observed in this present study. This behavior can be explained by the formation of free radicals during homogenization due to the high energy cavitation process [25] . The formation of free radicals may favor the increase of surface charges and increase emulsion stability, confirmed by the zeta potential values observed in Fig. 1 . Emulsion turbidity is directly related to the droplet size and the material concentration in the solution [26] . Therefore, the change in turbidity values may be associated with a change in droplet size over time [27] . It is noteworthy that the turbidity values (Table 2) for the emulsions were high, mainly due to the high concentration of gum Arabic used (25% of emulsions), with significant variation only for the treatment of lower energy density (2/30) . In studies with emulsions with orange oil and gum Arabic [12] high turbidity was observed with increasing solids concentration in the emulsion.
Droplet size
The magnitude of the interactions and repulsive forces between the emulsion droplets plays a positive role in the stability of emulsions. However, the mean droplet size increase over time, because of flocculation, coalescence and aggregation, may be responsible for increased turbidity during storage [12] . Table 3 shows the droplet size values and the polydispersion index (PDI) for Brazil nut oil emulsion. Generally, food emulsions have droplet size in the range from 0.1 to 100 μm [7] . The processes with less homogenization time (2/30 and 2/40) showed greater destabilization of the emulsions with a significant increase (p <0.05) in droplet size. In coconut oil emulsion [28] and palm oil [29] studies, the authors observed that increasing the time and power of the ultrasonic homogenization reduced the oil droplet size. Campelo et al. (2017) also observed a significant increase in droplet size for lemon essential oil emulsions with gum Arabic. Emulsions formed by ultrasound have a smaller droplet size than found with mechanical homogenization methods due to the process being more energetic, favoring the oil breakage into smaller droplets [30] . The PDI is related to the homogeneity of the particle size, that is, the lower the PDI value, the more homogeneous the particle size distribution. It can be observed (Table 3 ) that the emulsions with low time and potency presented high PDI values, showing that less energetic homogenization processes may form differentsized droplets, and may favor the destabilization of emulsions due to the agglomeration of oil droplets. During the 4 hours of storage, the PDI values showed no significant variation, and it can be confirmed that the emulsions did not change significantly as to the droplet size distribution. It was observed in studies of palm oil [29] and coconut oil [28] emulsions, using assisted ultrasound, that the increase of time and potency of homogenization favored the formation of a more homogeneous distribution profile. observed high PDI values for low energy homogenized annatto oil and gum Arabic emulsions. Fig. 2 shows the distribution profile of droplet size for Brazil nut oil emulsions. It is noted that the increase in ultrasound power and the homogenization time improved the droplet size distribution, making them more uniform. Homogenization with low energy presented bimodal behavior, while the processes with more energy presented a more normalized profile. After 4 hours, the distribution profiles tend to increase the mean value of the droplets and the distribution is more heterogeneous. Abismail et al. [31] cited that ultrasound-assisted emulsions are less polydisperse and more stable.
Rheology
The rheological behavior of Brazil nut oil emulsions is shown in Fig 3. Note that the increase in homogenization energy resulted in increased shear stress. This can be explained by an increase of the contact surface with the formation of smaller droplets, increasing the frictional force between the particles and thus increasing the force needed for shear. These results are confirmed by the increase in surface tension (Figure 3 ) and the smaller size (Table 3) of droplets for ultrasonic homogenization processes with higher energy. Furthermore, it can be seen that the D treatment had the greatest viscosity difference for the fresh emulsion and that stored after 4 hours. Carbohydrates are often added to the emulsions as thickening agents because of their ability to increase viscosity and thus delay destabilization [29] . The rheological changes that can occur in the emulsions after the preparation period are mainly associated to the destabilization processes, since in these processes the oil is released to the continuous phase, changing the rheological properties of the system [22] .
The power law (Table 3) presented a good fit for the rheological data of Brazil nut oil emulsions (R²> 0.99). All emulsions presented a Flow behavior index (n) close to 1, showing that the systems present behavior of Newtonian fluids, with a linear relationship between the shear stress and the shear rate. The consistency index (k) of the emulsions showed that the emulsions with the highest sonication time and potency showed more viscous behavior, related to the reduction of the droplet size due to the high shear in the process [32] . Gum Arabic tends to present more viscous emulsions due to the high protein content with an associated greater water retention and binding capacity at the water-oil interface [33] . The relationship between the apparent viscosity and the shear rate of the Brazil nut oil emulsions are presented in Figure 6 . Extreme factors of the ultrasonic-assisted homogenization process, mainly related to the high shear rate, may be associated with the significant increase in apparent viscosity of emulsions [22] . 
Optical microscopy
Optical microscopy images of the emulsions (Fig. 4) shows the increase in droplet size after 4 hours of storage. Note that droplet size is lower for higher energy homogenization processes (C and D) with little agglomeration of droplets, confirming the data in Table 2 . In studies with emulsions of lemon and gum Arabic essential oil (Campelo et al., 2017) behavior similar to that of the present study was observed. 
Conclusions
We performed a study on the influence of the process parameters of ultrasonic homogenization of Brazil nut oil and gum Arabic emulsions. We found that the increase in potency and time favored the formation of emulsions with reduced droplet size. Small droplets can favor emulsion stability, increasing the viscosity and surface tension of the medium, hindering destabilization processes such as oil droplet flocculation and agglomeration. The pH and conductivity values did not vary significantly and could be a good tool to confirm the stability of emulsions. The zeta potential confirmed that the preponderant stabilization mechanism of the emulsions was steric. Thus, Brazil nut oil emulsions, prepared with ultrasound, showed good physicochemical characteristics that can guarantee good emulsion stability during spray-drying, guaranteeing efficiency and protection of the oil physical and chemical properties.
